Abstract-Multipath-induced dispersion is one of the major concerns for complex indoor environments affecting the positioning accuracy. This paper investigates the impact of multipath reflections numerically on the VLC positioning systems. Power distribution is first calculated, then the positioning accuracy in terms of root mean square (RMS) error is analyzed.
I. INTRODUCTION
V ISIBLE light communication (VLC) has been developing rapidly in recent years as LED can be modulated in high speeds [1] , [2] . It provides a practical solution to realize indoor positioning with no electromagnetic interference, and is applicable whenever illumination infrastructure exist.
Received signal strength (RSS) information is detected by photodiode (PD) to estimate the receiver coordinates [3] - [5] . In the literature, line-of-sight (LOS) channels have been considered without taking into account the multipath reflections. However, transmitted signal introduces multipath reflections as it bounces off walls, ceiling and floor where the transmitter is a wide-beam LED source, and the receiver having a finite fieldof-view (FOV) captures reflected photons from room surfaces. In this paper, we investigate the effect of multipath-induced distortion on the accuracy of indoor light positioning systems. Methodology developed recently in [6] called as combined deterministic and modified Monte Carlo (CDMMC) is applied to simulate the impulse responses of indoor optical wireless channels.
The rest of the paper is organized as follows. In Section II, CDMMC approach and positioning algorithm are briefly discussed. In Section III, we present computed numerical results of power distribution and positioning accuracy. Finally, Section IV concludes the paper.
II. MULTIPATH ANALYSIS AND POSITIONING ALGORITHM

A. Impulse Response Analysis
The contribution of first reflections to the total impulse response is calculated by the deterministic method [7] , and then the contributions of second and higher-order reflections are calculated by the modified Monte Carlo (MMC) method [8] . CDMMC method takes advantages of both of these methods, which is verified in [6] .
In CDMMC, room surfaces are first divided into small square elements, each of which has a size of 1×10 −4 m 2 . These elements and the PD are considered as the receivers. The received power of LOS link is obtained as
where H (0) is the channel DC gain [9] , and P source (0) is the power from the LED bulbs.
Second, the small elements are considered as point sources with source power calculated as
In Eq. (2), ρ surf ace is the reflection coefficient of surfaces. Third, these small elements together with PD act as receivers again, and the received power of first reflections is obtained as
To calculate the contribution of second reflections, N random rays from each of the elements are generated. The power P source (2) of each ray is then expressed as
The PDF of the ray direction follows Lambertion distribution detailed in [6] . These rays propagate through the room, and the contribution of the secondary reflections is obtained. When the rays hit the room surfaces, the impact points are considered as the new sources to generate new rays. The contribution from subsequent reflections is calculated recursively. A flow diagram of CDMMC algorithm is shown in Fig. 1 . By summing up the contributions from different orders of reflections, the total impulse response of the channel is computed.
B. Positioning Algorithm
With the knowledge of impulse response, the received signal strength from transmitter i is obtained as P In particular, Eq. (5) shows power attenuation from transmitter to receiver with respect to their distance where P t is the transmitted power. In (5), Parameter φ is irradiance angle of transmitter, which numerically equals to the incident angle ψ of the receiver and is obtained using
where H − h is the vertical distance between transmitter and receiver. T s (ψ) is the transmittance function of optical filter and g(ψ)
is the compound parabolic concentrator gain. Therefore, d i can be calculated as
Given d i , the horizontal distance is estimated as
The receiver coordinates (i.e., (x, y)) can be then obtained using following equations: T can be obtained with Fig. 2 shows the model of a typical indoor optical positioning system with four LED bulbs installed on the ceiling as transmitters. In the simulation, the installation error and the slight tilt of the ceiling are considered. Each bulb is modulated with on-off-keying (OOK) to send an identification (ID) code denoting its coordinates. Time division multiplexing (TDM) is developed as channel access method, therefore the four LED bulbs transmit signals at different time slots in one frame period [11] . In this way, PD detects the power intensity from only one transmitter at every moment. Table 1 summarizes the system parameters considering a typical room.
III. SIMULATION AND ANALYSIS
A. Power Intensity Distribution Analysis
Since RSS information is applied to estimate the distance, power intensity distribution affects the positioning accuracy directly. Considering the symmetrical installation of four LED transmitters (TXs), power intensity distribution of the bulb located at (2, 2) is estimated where the transmitted power is 5 W. The received power of each order is shown in Fig. 3 through Fig. 5 . In Fig. 3 , the received power from LOS is inversely proportional to the distance-squared from the source, which is in correspondence with the power attenuation shown in Eq. (5). However, the power intensity is high at the edge and corner area near the transmitter side for the first reflections. For the second reflections, the intensity is slightly higher in the edge and corner area, while the intensity distribution becomes more uniform for the entire room. These reflected power will induce positioning errors since in the distance estimation, i.e., Eq. (5), only direct power attenuation from the transmitter is considered.
B. Positioning Accuracy Analysis
As a benchmark and in order to show the effect of multipath reflections on the positioning accuracy, positioning error neglecting the reflected power is also calculated and shown in Fig. 6 . As it can be seen the positioning error is low all over the room, but this situation is not practical as reflections always exist on the walls, ceiling and floor in a typical room. Fig. 7 on the other hand shows the positioning performance considering the multipath reflections. The LED bulbs located at the corners of the rectangular are shown in Fig.7 , within which the positioning error is relatively low due to the less power intensity contributed from reflections. The edge and corner area have relatively higher error as the effect of the multipath reflections increases. Fig. 8 presents the histogram of the positioning error when neglecting and considering the reflections respectively. As positioning errors of most points increase, the reflections impair the system performance significantly. Finally, Table 2 compares the positioning error for the two cases. When multipath reflections are taken into account, the positioning accuracy decreases differently in distinct locations. At locations A (the corner of the room) and B (the edge of the room), the positioning errors are dramatically increased to 2.0989 m and 1.2772 m respectively. As expected, the positioning error at location B is less than location A since the reflections at the edge are not as strong as those at the corner. However, at the central point (i.e., Location C), the positioning performance is almost not affected by the reflections. For the rectangular area covered perfectly by the four LED bulbs, the RMS error is 0.0676 m, which is satisfactory for indoor custom application. The total RMS error is 0.8064 m, as the rectangular area covered by the LED bulbs is only 11.1% of the total area. Layout design of the LED bulbs should be addressed in the future work to increase the average positioning accuracy.
IV. CONCLUSIONS
An light positioning system taken into account multipath reflections for a typical room has been investigated in this paper. The power intensity distribution are calculated and positioning errors have been estimated and compared with scenario that reflection is neglected. Considering that the corner and edge area suffers severely from the reflections, several calibration approaches will be addressed in the future. In addition, by increasing the coverage area of the LEDs with a suitable layout design, the average positioning error can be decreased.
